Ganciclovir-resistant cytomegalovirus (CMV) infections are reported infrequently among lung transplant recipients receiving extended valganciclovir prophylaxis. We performed a single-center, retrospective review of ganciclovir-resistant CMV infections in a program that employed valganciclovir prophylaxis for >6 months after lung transplant. CMV infections were diagnosed in 28% (170/607) of patients. UL97 mutations were detected in 9.4% ( The median whole-blood CMV load was 4.13 log 10 copies/cm 3 (range, 2.54 to 5.53), and 93% (14/15) of patients had low-moderate immune responses (Cylex Immunoknow). Antiviral therapy was successful, failed, or eradicated viremia followed by relapse in 12% (2/16), 31% (5/16), and 56% (9/16) of patients, respectively. Eighty-seven percent (14/16) of patients were treated with foscarnet-containing regimens; toxicity developed in 78% (11/14) of these. Median viral load half-life and time to viremia eradication among foscarnet-treated patients were 2.6 and 23 days, respectively, and did not correlate with protection from relapse. Sixty-nine percent (11/16) of patients developed CMV pneumonitis, and 25% (4/16) died of it. Serum viral load was independently associated with death among foscarnet-treated patients (P ‫؍‬ 0.04). In conclusion, ganciclovir-resistant CMV infections remained a major cause of morbidity and mortality following lung transplantation. Foscarnet-based regimens often eradicated viremia rapidly but were ineffective in the long term and limited by toxicity.
C
ytomegalovirus (CMV) infections develop in 80% of lung transplant recipients in the absence of preventive antiviral therapy (1) . The optimal preventive regimen against CMV infection following lung transplantation remains undefined, but most programs employ universal antiviral prophylaxis (2) . Most prophylaxis studies in lung transplant recipients have employed ganciclovir, alone or in combination with CMV hyperimmunoglobulin G (3) (4) (5) (6) (7) (8) (9) (10) . Valganciclovir, an oral prodrug that achieves ganciclovir concentrations comparable to those of intravenous (i.v.) ganciclovir (11) , is at least as effective and safe in reducing CMV infections after lung transplantation (8, (12) (13) (14) (15) (16) (17) (18) . Controversy persists, however, over the recommended duration of valganciclovir prophylaxis. Several reports, including one from our program, demonstrated that courses Ն6 months are superior to shorter courses (8, 14, 19) . More recently, a multicenter study of 136 lung transplant recipients showed that valganciclovir prophylaxis for 12 months significantly reduced active infections compared to a 3-month course (17) . While these data have been used to support 12 months of routine valganciclovir prophylaxis (2) , it is uncertain how much additional benefit is garnered after 6 months.
Overall, ganciclovir-resistant CMV has been reported in 0 to 15% of lung transplant recipients who develop active infections (17, (19) (20) (21) (22) (23) (24) . Genotypic resistance stems from mutations at hot spots in the UL97 gene, which encodes the viral DNA phosphotransferase that monophosphorylates ganciclovir, and/or the UL54 gene, which encodes viral DNA polymerase (25) . UL54 mutations are less common and may confer cross-resistance to foscarnet or cidofovir. Foscarnet, which inhibits viral DNA polymerase, is the preferred agent for patients failing ganciclovir therapy due to resistance, but it carries significant renal toxicity (20, 26) . The published experience with foscarnet in the treatment of ganciclovir-resistant CMV infections among solid-organ transplant (SOT) recipients, in particular lung transplant recipients, is limited, and clinical results have been mixed (23) (24) (25) (27) (28) (29) (30) (31) .
Our objectives were to describe the clinical manifestations and outcomes of ganciclovir-resistant CMV infections among lung transplant recipients in the era of extended valganciclovir prophylaxis. In particular, we sought to describe our experience in treating patients with foscarnet-containing regimens.
MATERIALS AND METHODS
Patients. Lung or heart/lung transplant recipients at the University of Pittsburgh Medical Center from 2006 through 2010 who underwent CMV genotypic resistance testing were identified. Electronic medical records were reviewed retrospectively through 31 December 2011. The study was approved by the University of Pittsburgh Institutional Review Board. The standard induction and maintenance immunosuppression were alemtuzumab and tacrolimus (induction) and mofetil mycophenolate (MMF) and prednisone (maintenance). Valganciclovir prophylaxis (900 mg/day or the renally adjusted equivalent) was recommended for Ն6 months for donor positive/recipient negative (Dϩ/RϪ) and Rϩ transplants. In December 2008, valganciclovir prophylaxis was recommended for Ն12 months for Dϩ/RϪ transplants. Valganciclovir prophylaxis was reinstituted for Ն3 months upon receipt of augmented immunosuppression for treatment of acute rejection. CMV whole-blood viral load monitoring by PCR was recommended bimonthly during valganciclovir prophylaxis (weekly if off prophylaxis in the first 6 months) and monthly thereafter. Resistance testing was ordered at the providers' discretion and consisted of detection of UL97 and UL54 mutations (codons 363 to 698 and 184 to 1017, respectively). Viral load measurements were performed using an in-house real-time PCR assay (32) . Resistance testing was performed as a send-out test at Quest Diagnostics (San Juan Capistrano, CA). Decisions on antiviral therapy were made by providers.
Definitions. CMV viremia was defined by the detection of viral DNA using our in-house assay (low-copy-number cutoff of 50 copies), in the absence of attributable symptoms. CMV disease was defined as the occurrence of clinical symptoms in the presence of histopathologic findings consistent with tissue invasion by CMV. Ganciclovir resistance was defined by the detection of mutations within UL97 and/or UL54, as described above. Virologic suppression was defined as the achievement of a nondetectable viral load in response to treatment, as measured by our in-house assay. Acute cellular rejection was documented as recorded in biopsy reports and defined as International Society of Heart and Lung Transplantation grade Ն2, treated with augmented immunosuppression. Drug toxicity was identified by the treating physician and corroborated by review of pertinent labs. The Immunoknow Immune Cell Function assay (Cylex, Inc., Columbia, MD) was ordered by providers, and results were interpreted as low, moderate, or strong using standard criteria (33) .
Viral load kinetics. Serial CMV viral loads were plotted over time, where time zero represented the initiation of antiviral therapy against ganciclovir-resistant CMV ( Fig. 1 . Viral loads followed a logarithmic decay curve, and the best-fit line was derived based on the equation y ϭ y 0 e Ϫax , where y 0 is the viral load at the start of foscarnet, x is the time from the start of foscarnet, and a is the decay constant. Viral load half-life was calculated according to the formula: t 1/2 ϭ (ln2)/a (34) .
Statistics. Instat Software (Graphpad Software Inc., San Diego, CA) was used. Comparisons of dichotomous variables were made with Fisher's exact and chi-square tests. Continuous variables were reported as medians with ranges, and differences between groups were calculated using the Mann-Whitney U test. P values of Ͻ0.05 were considered significant. Logistic regression analysis was performed to identify independent risk factors for death using variables with P values of Ͻ0.20 by univariate analysis.
RESULTS
Patients infected with ganciclovir-resistant CMV. Twenty-eight percent (170/607) of lung transplant recipients developed CMV infections. Ganciclovir resistance mutations were detected in 9.4% (16/170) of CMV-infected patients, and 7.9% (12/152) and 2.6% (16/607) of Dϩ/RϪ and all lung transplant recipients, respectively (Table 1 ). Compared to the rest of the CMV-infected cohort in our program, patients with ganciclovir-resistant CMV were more likely to have had initial breakthrough infections (75% [12/16] with CMV infection at a median of 6 months posttransplant (range, 2 to 20). Seventy-five percent (12/16) and 25% (4/16) of patients presented initially with CMV viremia and disease, respectively. In 75% (12/16) of patients, the initial CMV infection occurred as a breakthrough at a median of 5.5 months (range, 2 to 20) of valganciclovir prophylaxis. In the remaining 25% (4/16) of patients, the initial CMV infection occurred after discontinuation of valganciclovir prophylaxis. Among these patients, prophylactic valganciclovir was administered for a median of 7.5 months (range, 3 to 13) and then discontinued for a median of 1.2 months (range, 0.8 to 2) prior to CMV infection.
Twelve percent (2/16) of patients were demonstrated to be infected with ganciclovir-resistant virus upon their initial presentation for CMV infection (patients 4 and 10, who had breakthrough pneumonitis/gastrointestinal [GI] disease and breakthrough pneumonitis, respectively). The other 87% (14/16) of patients were diagnosed with ganciclovir-resistant infections a median of 88 days (range, 15 to 131) after their initial presentations. For the latter group, treatment of CMV viremia and disease prior to the documentation of resistance consisted of induction dose valganciclovir and intravenous ganciclovir, respectively. Fifty percent (7/14) of these patients failed to achieve complete viral suppression prior to the documentation of resistance mutations; 50% (7/14) had suppression but subsequently relapsed with resistant CMV.
Mutations and clinical data for ganciclovir-resistant CMV infections (Table 3) . Ganciclovir resistance was diagnosed at a median of 8.5 months (range, 5 to 21) posttransplant. Specific UL97 mutations were reported in 94% (15/16) of patients; in the remaining patient (patient 4), a UL97 mutation was detected but specific codon data were not provided. In 25% (4/16) of patients, concurrent ganciclovir and cidofovir resistance-conferring UL54 mutations were detected. At the time ganciclovir resistance was documented, 56% (9/16) and 44% (7/16) of patients had CMV pneumonitis and viremia, respectively. Median CMV wholeblood viral load at the time of resistance was 4.13 log 10 (range, 2.19 to 5.53). Cylex Immunoknow assay data were available for 94% (15/16) of patients. The median level was 145 ATP ng/ml (range, 3 to 634). Sixty percent (9/15), 33% (5/15), and 6% (1/15) of patients had low, moderate, and strong responses (levels of Յ225, 226 to 524, and Ն525 ng/ml, respectively).
Treatment and outcomes for ganciclovir-resistant CMV infections (Table 3) . Antiviral therapy directed against ganciclovirresistant CMV was instituted a median of 1 day (range, Ϫ1 to 86) after genotypic testing was ordered. Eighty-seven percent (14/16) of patients were treated with foscarnet, either alone (12%, 2/16) or combined with various agents (75%, 12/16). The median duration of treatment with foscarnet-containing regimens was 38 days (range, 17 to 210). Twenty-nine percent (4/14) of patients treated with a foscarnet-containing regimen failed to achieve serum virologic suppression (median duration, 28 days; range, 24 to 153). This group included three patients who died from CMV pneumonitis and one patient who recovered from pneumonitis but had persistent viremia over 7 months' follow-up. The remaining 71% (10/14) of patients treated with a foscarnet-containing regimen achieved virologic suppression after a median of 23 days (range, 14 to 146). The median duration of treatment was 39 days (range, 17 to 153). The median viral load half-life in these patients was 2.6 days (range, 1.8 to 49.9). Twenty percent (2/10) of patients who had virologic suppression subsequently died; one patient died of persistent CMV pneumonitis 5 days after clearing viremia, and one patient died of allograft failure without evidence of active CMV infection. The other 80% (8/10) of patients who had virologic suppression suffered relapsing infections. There was no association between specific UL97 mutations or the combination of UL97 and UL54 mutations and outcomes among patients treated with foscarnet. Viral load half-life or time to complete virologic suppression did not correlate with protection from relapsing infections (Fig. 1) .
Twelve percent (2/16) of patients were treated with ganciclovir for resistant infections, including viremia and pneumonitis/GI disease (one patient each). These patients both achieved serum virologic suppression at 20 days, with viral load half-lives of 2.2 and 2.4 days, respectively. The patient with viremia had multiple episodes of relapsing viremia after stopping ganciclovir (C630W). The patient with pneumonitis and GI disease had sustained suppression off antivirals after completing 2 months of ganciclovir (UL97 codon not reported). Both patients were alive at the end of the study.
Overall, 69% (11/16) of patients developed pneumonitis at some stage of their infection. Treatment of ganciclovir-resistant CMV was considered unsuccessful in 87% (14/16), including treatment failures (31%, 5/16) and relapsing infections (56%, 9/16). Twenty-five percent (4/16) of patients died from CMV pneumonitis. One of the patients treated successfully for viremia died 3 months later from other causes. Only one patient had sustained suppression of CMV infection off antiviral maintenance therapy.
By univariate analysis, serum viral load at the time of diagnosis of ganciclovir resistance and a failure to achieve serum viral suppression were significant risk factors for death among patients treated with foscarnet (Table 4) . By multivariate analysis, serum viral load was the only independent risk factor for death. Drug toxicity. Seventy-eight percent (11/14) of patients treated with foscarnet experienced toxicity, including renal injury (71%, 10/14), electrolyte abnormalities (71%, 10/14), and/or GI disturbances (28%, 3/14) (9 patients had multiple toxicities). One patient required hemodialysis. Radiographic changes or hypoxia developing as a consequence of fluid management and electrolyte abnormalities were not reported. Foscarnet was discontinued due to toxicity in 36% (5/14) of patients. One patient treated with ganciclovir developed drug-related neutropenia that required granulocyte colony-stimulating factor (G-CSF).
DISCUSSION
To the best of our knowledge, this is the largest series of lung transplant recipients with ganciclovir-resistant CMV infections in the era of extended valganciclovir prophylaxis. Several findings from our study are particularly notable. First, ganciclovir-resistant CMV infections were associated with poor outcomes, including the development of pneumonitis in 69% (11/16) of patients and attributable mortality of 25% (4/16). Second, foscarnet-containing treatment regimens performed poorly, limited by therapeutic failures, relapses, and toxicity. Serum viral load at the time of treatment was the major predictor of death due to ganciclovirresistant CMV disease among patients receiving foscarnet-containing regimens. Third, the rates of CMV infection and ganciclovir resistance among CMV-infected patients were 28% and 9.4%, respectively, despite receipt of valganciclovir prophylaxis for a median of 7 months (range, 4 to 21 months). The rate of CMV infection was higher than in a recent multicenter study of extended valganciclovir prophylaxis (17, 18) . Taken together, the data demonstrate that ganciclovir-resistant CMV infections remained a major cause of morbidity and mortality.
Ganciclovir resistance was diagnosed at a median of 8.5 months and as late as 21 months following lung transplantation. While late-onset ganciclovir-resistant CMV infections, high rates of organ disease, and poor outcomes are well recognized among SOT recipients (22, 25, 31, 35) , our rates of pneumonitis and mortality were particularly dire. The performance of foscarnetbased treatment regimens in prior studies has varied. In several studies of kidney and lung transplant recipients, foscarnet and foscarnet-containing regimens achieved striking reductions and complete eradication of ganciclovir-resistant infections in the majority of patients without causing significant toxicity (23, 27, 28) . In other studies, however, SOT patients treated with foscarnet had high rates of death, therapeutic failure, renal and electrolyte toxicity, allograft loss, and/or prolonged hospitalizations (24, 25, (29) (30) (31) . Moreover, relapsing infections are well recognized in the literature (23, 28) and were encountered in almost all of our patients who initially achieved virologic suppression. Of note, most patients who suffered relapsing infections had brisk initial serum viral load responses and rapid eradication of viremia. Viral load kinetics followed an exponential decay curve, with median serum half-life and time to eradication of 2.6 and 23 days, respectively. In this regard, our experience differed from previous studies. Viral load kinetics were predictive of outcomes in one study of nonresistant CMV infections treated with ganciclovir (34), as mean serum half-lives of 3.2 and 8.8 days were associated with cures and recurrent disease among SOT recipients, respectively. In a study of kidney transplant recipients treated with foscarnet for ganciclovir-resistant CMV infections, mean viral load half-life and time to eradication were similar to ours (3.7 and 30.5 days, respectively) but none of the patients had relapses (27) . Our data corroborate that foscarnet-based regimens, in general, are potent at suppressing CMV viral loads. However, the frequent relapses speak to the importance of host immune function in determining outcomes, particularly among highly susceptible Dϩ/RϪ lung transplant recipients. The better outcomes with foscarnet in the previous study may reflect the fact that kidney transplant recipients are typically less immunosuppressed and at lower risk for CMV infections than lung transplant recipients. Unfortunately, alternative therapeutic options to foscarnet are lacking. Cidofovir is also limited by severe renal toxicity and neutropenia (26) , and as illustrated by our experience, almost all UL54 mutations that confer ganciclovir resistance are associated with cidofovir cross-resistance (36) . Other agents are in development, but none has completed phase III studies successfully (37, 38) . Two of our patients achieved viral load suppression after treatment with ganciclovir and reduction of immunosuppression. Ganciclovir was continued in these patients after clinicians received the reports of UL97 mutations because of good therapeutic responses. Indeed, some lung transplant recipients infected with ganciclovir-resistant CMV in a previous study were managed with induction ganciclovir without untoward consequences (23) . In the previously cited study of ganciclovir-resistant CMV infections following kidney transplantation, the majority of patients did not receive foscarnet and were successfully treated with valganciclovir and reduction of MMF (27) . Despite these successes, we do not recommend treating known or suspected ganciclovir-resistant CMV by switching to i.v. ganciclovir and/or increasing valganciclovir/ganciclovir doses. The best course of action for these patients may be treatment with a combination of foscarnet and ganciclovir, as was advocated in a recent study of lung transplant recipients (28) . In this context, it is incumbent upon clinicians to recognize the risk factors for the emergence of ganciclovir resistance and promptly institute aggressive therapy. The importance of starting foscarnet and foscarnet-containing regimens early is highlighted by our finding that viral load at the time of treatment was the only independent predictor of mortality.
It is also important for clinicians to properly interpret genotypic data in making treatment decisions. The UL97 mutations reported for our patients were among the seven canonical mutations that account for Ͼ80% of resistant CMV strains (25, (39) (40) (41) . Most importantly, each of the UL97 and UL54 mutations is known to confer phenotypic drug resistance. The UL97 mutations are associated with 2.9-to 10-fold reductions in ganciclovir susceptibility and the UL54 mutations with 3.5-to 6-fold and 9.1-to 12.5-fold reductions in ganciclovir and cidofovir susceptibility, respectively (25, 40) . As more clinical strains are studied, an increasing number of uncharacterized UL97 and UL54 sequence variants that have unclear relevance to drug resistance have been described (40) . Moreover, it is clear that sequence polymorphisms can be detected in both genes in the absence of prior drug exposure (40) . Therefore, providers should ensure that mutations identified in clinical strains have been shown to correlate with antiviral resistance. Along these lines, one of our patients (patient 4) was infected with a strain for which specific codon data were not available. Despite developing breakthrough pneumonitis and GI infection, the patient responded fully to ganciclovir therapy and had no evidence of active infection at 43 months follow-up. As such, it is plausible that the patient's CMV strain was not phenotypically resistant to ganciclovir.
The risk factors for the emergence of resistance were consistent with previous reports, including prolonged antiviral exposure, intense immunosuppression, Dϩ/RϪ serostatus, and breakthrough CMV infections. In contrast to our experience, breakthrough infections were rare in the multicenter study cited above (17) . The reasons that our results differed are not immediately apparent but may reflect differences in patient populations. Of particular note, almost all of our patients received induction immunosuppression, compared to only 33% of patients in the extended-prophylaxis arm of the clinical trial. Moreover, the standard induction agent in our program was alemtuzumab, a particularly potent anti-CD52 monoclonal antibody that predisposes patients to active CMV infections due to profound and sustained T cell depletion and dysfunction (42) . In fact, over 90% of our patients infected with ganciclovir-resistant CMV had low or moderate immune responses at the time of diagnosis, as assessed by the Cylex Immunoknow assay. Interestingly, UL97 mutations were detected in 2.9% of lung transplant recipients randomized to the extended valganciclovir arm of the multicenter study (17) , which was virtually identical to the 2.6% rate among our lung transplant recipients. Ganciclovir resistance was not reported in a follow-up study of a subset of patients from the earlier trial, who were from a single center (18) . Nevertheless, our data showcase that concerns over the potential for ganciclovir resistance with extended valganciclovir prophylaxis are legitimate (2, 17, 20) . Programs employing these strategies should collect data on their outcomes, in order to understand the costs and benefits among their own patients. In response to our high rates of CMV infection and ganciclovir resistance, we have switched from alemtuzumab to basiliximab as the induction agent among Dϩ/RϪ patients. This report is limited by its single-center, retrospective study design, and results may not be applicable to other programs or types of SOT. Moreover, our study and others may be biased by the fact that genotypic testing was performed at providers' discretion, generally in response to persistent viral loads and symptoms. In several clinical trials in which CMV loads and genotypes were monitored without regard to symptoms, resistance mutations were also detected in relatively asymptomatic patients who responded to therapy (43, 44) . Therefore, the clinical spectrum and outcomes of ganciclovir-resistant CMV infections may be broader than suggested by the data. Clearly, more-effective, better-tolerated, and less resource-intensive preventive strategies than extended valganciclovir are needed. Investigational methods such as CMV-specific T cell profiling may enable clinicians to target prophylaxis to the highest-risk patients, while minimizing unnecessary antiviral exposure. Such tools would eliminate the need for universal extended valganciclovir prophylaxis or other one-sizefits-all approaches and decrease pressure for antiviral resistance.
